Cell motility requires extensions of the plasma membrane driven by reorganization of the actin cytoskeleton. Small GTPases, particularly the Rho family, are key regulators of this process [1] [2] [3] . A second class of GTPases, the ADP-ribosylation factors (ARFs), have also been implicated in the regulation of the actin cytoskeleton and motility [4] . ARF6 is intimately involved in the regulation of Rac activity [5-9]; however, the mechanisms by which ARF activation leads to activation of Rac remain poorly understood. We have previously shown that expression of the ARF-GEF ARNO in MDCK cells induces robust activation of Rac, the formation of large lamellipodia, and the onset of motility [9] . We report here that ARNO-dependent activation of Rac is mediated by a bipartite Rac GEF, the Dock180/Elmo complex. Both DOCK180 and Elmo colocalize extensively with ARNO in migrating MDCK cells. Importantly, both a catalytically inactive Dock180 mutant and an Elmo mutant that fails to couple to Dock180 block ARNO-induced Rac activation and motility. In contrast, a similar mutant of the Rac GEF ␤-PIX fails to inhibit ARNO-induced Rac activation or motility. Together, these data suggest that ARNO and ARF6 coordinate with the Dock180/Elmo complex to promote Rac activation at the leading edge of migrating cells.
tive manner [14, 15] . As we have previously reported, expression of ARNO in MDCK cells leads to formation of large fan-shaped lamellipodia, separation of cells from the epithelium, and migration into open spaces created by wounding of epithelial monolayers ( Figure  1A ) [9] . Coexpression of wild-type β-Pix in these cells did not alter this morphology. Surprisingly, while PIX-LL colocalized extensively with ARNO, its expression did not inhibit the ARNO-induced extension of lamellipodia, suggesting that Rac activation was not impaired under these conditions ( Figure 1A ). Biochemical analysis of Rac-GTP levels revealed that this was indeed the case. As shown in Figure 1B , expression of ARNO led to a robust increase in Rac activation, and this was neither enhanced nor inhibited by coexpression of wild-type PIX. Additionally, we found that coexpression of PIX-LL did not significantly inhibit Rac activation in ARNOexpressing cells. Taken together, these data indicate that, while β-Pix may mediate Rac activation in other contexts, it does not facilitate the activation of Rac downstream of Arf6.
This finding led us to consider alternative pathways for crosstalk between the two GTPases. One such alternative is Dock180, a nonconventional Rac GEF that has been shown to function in numerous cell migration events, including dorsal closure in Drosophila [16, 17] and gonadal distal tip cell migration in C. elegans [18] [19] [20] . Dock180 lacks the typical dbl-homology domain (DH)/PH domain pair found in most Rac GEFs. Instead, catalytic activity resides in a conserved region called the DOCKER domain, and the PH domain (which is necessary for optimal catalytic activity) is provided in trans by a second protein, Elmo [21, 22] . Dock180 has long been known as a binding partner for the scaffolding protein Crk [23] , and microinjection of CrkII into MDCK cells induces a morphology that is remarkably similar to that induced by ARNO expression [24] . Given the striking similarity in morphology between ARNO-expressing and CrkII-expressing MDCK cells, we reasoned that they might function in the same pathway.
To compare the subcellular localization of ARNO, Elmo, and Dock180, MDCK cells were transfected with myc-ARNO and GFP-Elmo (Figure 2A) or ARNO, Elmo, and flag-Dock180 ( Figure 2B ). Deconvolution microscopy demonstrates extensive colocalization of ARNO with both Elmo and Dock180 at the leading edge of migrating MDCK cells, as well as at other structures located more distally in the cell. Similar to cells expressing ARNO alone, cells coexpressing ARNO and wild-type Dock180 form large lamellipodia and migrate away from neighboring cells ( Figure 3A) . In contrast, cells coexpressing ARNO and Dock-ISP, a catalytically incactive mutant that acts in a dominant-negative fashion [22] , fail to generate detectable lamellipodia, suggesting that inhibition of DOCK180 activity blocks the ability of ARNO to induce motility ( Figure 3A) . Similarly, Elmo T629, a truncation of Elmo lacking the Dock180 binding domain, also inhibits formation of lamellipodia when coexpressed with ARNO ( Figure 3B ). Together, these data support the hypothesis that Rac activation To directly test this hypothesis, we generated recombinant adenoviruses encoding wild-type Dock180 or Dock-ISP. The use of adenoviral vectors permits near 100% infection efficiency in epithelial cells, allowing us to quantitate endogenous Rac activation by using standard pull-down assays. As described above (Figure 1 We also tested the ability of the Dock-ISP mutant to block motility of MDCK cells in a transwell migration assay. Cells were infected with the appropriate adenoviruses for 4 hr and plated on fibronectin-coated transwell filters, and migration across the filters was assayed as previously described [9] . As shown in Although localized activation of specific GTPases at the leading edge limits protrusive events to this location, additional signals reinforce this localization by preventing protrusions along the sides and trailing edge of the cell. One such signal is the exclusive localization of phosphorylated α4-integrin to the leading edge of some cell types [40] . A recent study demonstrates that the scaffolding protein paxillin binds selectively to nonphosphorylated α4-integrins located at sites distal to the leading edge. In turn, paxillin binds the ARF-GAPs GIT1 and GIT2/Pkl whose presence leads to locally reduced levels of active ARF6, (and consequently Rac1) along the sides and trailing edge of these cells [41] . Although α4 integrins are not expressed in all cells, related mechanisms may function to concentrate the activities of both Arf6 and Rac1 at the leading edge.
Understanding these spatial and temporal aspects of GTPase regulation requires understanding the regulation of the GEFs responsible for GTPase activation during the onset of migration. We show here that ARNO, Elmo, and Dock180 work together to coordinate ARF6 and Rac activation at the leading edge of migrating epithelial cells, initiating some of the early events of motility. cells/filter. Cells were allowed to migrate for 15 hr, then fixed and quantitated as described [9] . Data shown are mean ± standard deviation.
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